1. Introduction Glass has excellent optical, mechanical and chemical properties and has been used in a variety of applications. In recent years, the area of application has been expanded to that of electronics and the requirement for properties of glass has been well pronounced.1), 2) Glass which is used for liquid crystal display or plasma display is subjected to fairly high temperature during manufacturing and a micron level distortion affects the dimensional accuracy, hence the quality of products. It is useful to measure the temperature dependence of the reduc tion of residual stress and to evaluate the heat resistance of various glasses. Extensive studies have been carried out of the measurement of residual stresses based on various techniques.3)-13) With regard to the thin film, coated on a substrate, a technique to measure the distortion of the thin film-substrate composite has been used. Uchida recently reported an analytical technique to determine residual stress in thin film by asymmetric X-ray diffraction.9) Zimmerman reported a computer simulation analysis to estimate the residual stress and stress distribution in glass.11) Bistrad used a ball indentation method to study the residual stress in glass.12) Zeng developed an indentation technique7),8) to measure the residual stress field around Vickers indenta tions.
In the present study, Vickers indentation technique7),8),13) was applied to evaluate the change of residual stress field; the creation of stress field by an indentation and reduction by subsequent heat treatment. The rise and fall of the resid ual stress in the surface of glasses with different strain points were discussed based on experimental results and the results of computer simulation by molecular dynamics. 3. Results and discussion 3.1 Crack profiles under residual stress Figure 1(a) shows that in the area near the primary indentation, there is a tangential tensile stress which propagates the crack in the radial direction. A compressive stress is developed in the radial direction and the length of cracks in the tangential direction decreases. Figure 1 (b) shows that at a far dis tance from the primary indentation, the influence of the residual stress diminishes to zero and the second indentation behaves as a normal indentation. As-indented residual stress By measuring the second crack length, it is possible to cal culate the residual stress field around the primary indenta tion. In order to calculate the residual stress around an in dentation, fracture mechanics analysis has been proposed by Zeng.7) The residual stresses were calculated by using the following equations. 
for compressive residual stress (2) where Kc is the critical stress intensity factor at the indenta tion crack tip which is not affected with residual stress, Co is the crack length at a load P without residual stress and di is a geometrical constant and =1/2 for surface cracks. In the subsequent calculation, Kc values of 0.75MPa . m1/2, 0.64MPam112, 0.78MPa m1/2 were used for Si-Ca-Na-O, Si-Al-O and Si-B-Al-O glasses, respectively. It is assumed that both tensile and compressive stresses are constant over the second crack. This assumption is good only if the second crack is small. However, for simplicity, this assumption will be made in the present paper. The crack formed from the second indentation extended from C0 to C1 under tensile residual stress r from the primary indentation. While the crack length decreased from C0 to C2 under compressive residual stress a. The crack length Co of each glass was 51.6 m with standard deviation of 1. , the residual tensile and com pressive stresses from the primary indentation are plotted against the distance, which is defined as the distance be tween the crack tip of small indentation and the center of the primary indentation.13) The figures show that the residual tensile and compressive stresses distributed up to the dis tance of about 400m for all three glasses. The stress decreases as the distance from the center of the primary in dentation increases. In the area where the distance is below 150m, the cracks from the second indentation interfere with the cracks from the primary indentation and the ac curacy of the calculation of residual stress is apparently affected. It was a general trend that the compressive stress was larger than the tensile stress; at the distance of 200m, the compressive stress was about 50 MPa30MPa while the tensile stress was about 10MPa. The basic mechanism for the creation of indenter induced residual stress was discussed by Anstis16) whose analysis is based on a model in which the elastic/plastic field beneath the indenter is resolved into elastic and residual compo nent.17) The radially expanded plastic zone,18) after unload ing, exerts a hydrostatic pressure across the outerboundary of the plastic zone hence causing a tangential elastic tensile stress and a radial elastic compressive stress outside the boundary.
The residual stress is detected and calculated by measuring the crack length of the second indentation as was described in this study. The mobility of alkali earth ions is generally lower than that of alkali ions and higher than that of network formers.
As for the effect of the mobility of ions on the reduction of residual stress by heat treatment, the diffusion of the net work formers are considered to play more important role than that of modifiers. Figure 9 plots the mean square dis tance (nm2) of network former and oxygen ions from the original location in each glass kept at different temperatures for 10 pico seconds. Although there are fractuations in the mean square distance vs. temperature curves, overall trend of the mobility of network former and oxygen ions is in the order of Si-B-Al-O<Si-AI-O<Si-Ca-Na-O glasses. It is probable that the high mobility of alkali ions in Si-Ca-Na-O glass enhanced the mobility of network form ers, hence reduced the residual stress by heat treatment monotonically. In the region where temperatures are some what below the strain point of Si-B-Al-O glass, in which no high mobility alkali ion is contained, the diffusion may not have been sufficient to reduce the residual stress to zero, and a plateau is observed in the residual stress curve. After this transition zone, flow becomes eminent near the strain point hence reduces the residual stress to zero. The results of MD simulation of Si-B-Al-O glass show that there is no specific change in the mobility of network formers below and above the strain point temperature. It is presumed that the fact that the residual stress becomes zero at around the strain point has resulted from the flow, the scale of which is larger than that of each step of the diffusion of ions. The be havior of Si-AI-O glass is assumed to be intermediate be tween The results were discussed based on the difference of the mobility of constituent ions and plastic flow of glasses.
